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DUHJHQHUDOO\XVHG WRFXW WKHVRIWVWUXFWXUHV OLNHFRDO VDOWHWF0DLQO\ WKUHH W\SHVRIFXWWHUVVXFKDV
FRQLFDOUDGLDODQGIRUZDUGDWWDFNFXWWHUVDUHDYDLODEOH$PRQJDOOWKHFRQLFDOSLFNVKDYHEHHQPDLQO\
WDNHQIRUWKHPLFURVWUXFWXUDODQDO\VLVRIZHDUPHFKDQLVPV>@)RUFUXVKLQJWKHKDUGURFNVWUXFWXUHV
WZR W\SHVRIPHWKRGVQDPHO\ URWDU\SHUFXVVLYHGULOOLQJ DQG URWDU\ FUXVKLQJGULOOLQJDUH DGRSWHG ,Q
ERWKWKHFDVHVDQXPEHURI&&EXWWRQVDUHXVHGWRFUXVKWKHURFN7KHUHVHDUFKZRUNRQLGHQWLILFDWLRQ
RIZHDUPHFKDQLVPVLVQHFHVVDU\LQRUGHUWRPRGLI\WKHWRROPDWHULDOVVRWKDWWKHZHDULQJSKHQRPHQD
FDQEHUHGXFHGWRDJUHDWH[WHQW>@,QWKHSUHVHQWSDSHUDEULHIOLWHUDWXUHVXUYH\RQGLIIHUHQWZHDU
PHFKDQLVPVLQWRWKH&&EDVHGFRDOURFNFXWWLQJGULOOLQJWRROVKDVEHHQSUHVHQWHG,QDGGLWLRQYDULRXV
SURSHUWLHVRI&&DQGWKHSDUDPHWHUVZKLFKDIIHFWWKHZHDUSKHQRPHQDRI&&KDYHDOVREHHQGLVFXVVHG
FRPSUHKHQVLYHO\

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&RFREDOW
&HPHQWHGFDUELGHDQGLWVSURSHUWLHV
7XQJVWHQ FDUELGH KDUGPHWDO LVPDQXIDFWXUHG E\PL[LQJ SXUH WXQJVWHQ SRZGHUZLWK SXUH FDUERQ
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
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&DUEXUL]DWLRQRIWXQJVWHQR[LGHFDQDOVREHGRQHE\XVLQJJDVHVOLNHFDUERQPRQR[LGHRUPHWKDQH

:2&+  :&+2 

$IWHUJHWWLQJ WKHQHZSURGXFW LH:&DFHUWDLQ DPRXQWRI FREDOW LV WKHQPL[HGKRPRJHQHRXVO\
ZLWK:&,QWKLVSURFHVV:&JUDLQVDUHFHPHQWHGLQWRWKHFREDOWFRQWHQW7KHQHZSURGXFWLVFDOOHG
FHPHQWHGFDUELGH&&7KHKRPRJHQHRXVPL[WXUHLVSUHVVHGLQWRWKHUHTXLUHGVKDSHVXQGHUSUHVVXUH
IURPWR01PLQSUHVHQFHRIKHDWDQGYDFXXP6RPHWLPHVK\GURJHQRXVHQYLURQPHQWLVXVHG
LQSODFHRIYDFXXP>@7KHVHVSHFLILFDOO\VKDSHGSURGXFWVDUHVLQWHUHGLQDYDFXXPDWDWHPSHUDWXUH
DURXQGR&VRWKDWWKHSRURVLW\FDQEHPLQLPL]HG7KHGHQVLW\RID&&LVDERXWg/cmDQG
WKHGHQVLW\RISXUH:&DQGSXUH&RDUHJFPDQGJFPUHVSHFWLYHO\>@
2.1. Binder phase of cemented carbide 
&R LV XVHG DV D ELQGHUPDWHULDO KDYLQJȕ SKDVH DQG LW FDQEH DOOR\HGZLWK1L RU&U VR WKDW WKH
WUDQVLWLRQRI&RIURPLWVKLJKWHPSHUDWXUHGXFWLOHSKDVHIFFWRLWVORZWHPSHUDWXUHEULWWOHSKDVHKFS
FDQEHDYRLGHG>@$FFRUGLQJWR&KDHWDODIWHUWKHVLQWHULQJSURFHVVWKHDLPLVWRDFKLHYH&R
ELQGHUZLWKWKHKLJKWHPSHUDWXUHIFFVWUXFWXUHEHFDXVHWKHIFFSKDVHLVPRUHGXFWLOHWKDQWKHKFSSKDVH
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DQGIFFSKDVHUHVXOWVLQKLJKHUIUDFWXUHWRXJKQHVV>@6RPHWLPHV&RLVUHPRYHGFRPSOHWHO\WRIRUP
ELQGHUOHVVFDUELGHVDOPRVWSXUH:&ZKLFKDUHKDYLQJVPDOODGGLWLRQRI7LFDQG7D1EFFDUELGHVZLWK
WUDFHVRI&R7KLVSKHQRPHQRQUHVXOWVWRIRUPGHQVHVWUXFWXUH>@,QDGGLWLRQLWKDVEHHQIRXQGWKDW
WKHEXONKDUGQHVVRIFRPSRVLWHVGHFUHDVHVZLWKLQFUHDVLQJWKHELQGHUFRQWHQW>@7UDQVYHUVHUXSWXUH
VWUHQJWK LQFUHDVHVZLWKDQ LQFUHDVH LQ WKHFREDOWFRQWHQW&RPD\EH LQFUHDVHGXS WR$IXUWKHU
LQFUHPHQWRI&ROHDGVWRWKHVHSDUDWLRQRIFDUELGHJUDLQV>@
2.2. Hard phase of cemented carbide 
7KHKDUGSKDVHĮSKDVHLH WXQJVWHQFDUELGH:&FRQVWLWXWH WKHPDLQSDUWRIFHPHQWHGFDUELGH
EHFDXVH LWPD\SUHVHQWXS WRE\ZHLJKW7KHKDUGQHVVRI:&LVGHSHQGHQWRQWKHFU\VWDO
RULHQWDWLRQEHFDXVHLWLVQRQFHQWURV\PPHWULFKH[DJRQDOFU\VWDO,WYDULHVIURP+9RQWKHFU\VWDO
SULVPSODQHV WR +9RQ WKH EDVDO SODQH >@7KHJUDLQ VL]H RI:&SOD\V DQ LPSRUWDQW UROH WR
SURYLGHSURSHUKDUGQHVVDQGWRXJKQHVV$ILQHJUDLQ&&JLYHVPRUHKDUGQHVVDQGOHVVWRXJKQHVVDQG
KHQFH UHVXOWV LQ LPSURYHG ZHDU UHVLVWDQFH >@ $ FRDUVH JUDLQ VL]H LV KDYLQJ KLJKHU WKHUPDO
FRQGXFWLYLW\*HQHUDOO\WKHVL]HYDULHVDVYHU\ILQHPPHGLXP PDQGFRDUVHJUDLQVXS
WR!P7KHXOWUD¿QHSDUWLFOHVRI:&OHVV WKDQPJUDLQVL]HKDYHEHHQGHYHORSHGUHFHQWO\
> @7KH WULERORJLFDOPHFKDQLFDO DQG WKHUPDO SURSHUWLHV RI:&FHPHQWHG FDUELGH VXEVWDQWLDOO\
GHSHQG RQ LWV FRPSRVLWLRQ DQG:& SDUWLFOH VL]H >  @ *UDLQ VL]H RI FDUELGH DIIHFWV ZHDU
UHVLVWDQFH SURSHUW\ RI&& 7KH FRDUVHJUDLQHG FDUELGHV XVXDOO\ KDYH ORZHU DEUDVLYHZHDU UHVLVWDQFH
WKDQWKDWRIDILQHRUPHGLXPJUDLQ>@)UDFWXUHWRXJKQHVVDQGZHDUUHVLVWDQFHLQFUHDVHZLWK
DQLQFUHDVHLQWKHJUDQXOHVL]H
2.3. Hardness of cemented carbide 
+DUGQHVVLVSULPDULO\DFFRXQWHGIRUE\WKHFDUELGHSKDVH7KHUHDUHWZRIDFWRUVZKLFKLQIOXHQFHWKH
KDUGQHVV RI&&7KH\ DUH YROXPH IUDFWLRQRI WKH FDUELGHSKDVH DQG WKH SDUWLFOH VL]H RI WKH FDUELGH
SKDVH+LJKKDUGQHVVLVIRXQGZKHQYROXPHIUDFWLRQRIFDUELGHSKDVHLVKLJKDQGFDUELGHJUDLQVL]HLV
VPDOO >@7KHSRVVLELOLW\RIGLIIHUHQWJUDLQ VL]HRI:&DQGYDULDWLRQRI&RELQGHUFRQWHQWSURYLGH
ZLGHUDQJHRIKDUGQHVVYDOXH7KHEXONKDUGQHVVRI&RLVEHORZ+9EXWQDQRKDUGQHVV WHVWKDV
VKRZHGWKDW&RELQGHUFORVHWR:&JUDLQLVIRXUWLPHVKDUGHUWKDQLQFDVHRIEXON>@
2.4. Fracture toughness of cemented carbide 
,WFDQEHGHILQHGDV³WKHDELOLW\WRUHVLVWIUDFWXUH´LHDFRPSOHWHVHSDUDWLRQLQWRDWOHDVWWZRSDUWV
)UDFWXUHWRXJKQHVVLVDPHDVXUHRIWKHHQHUJ\UHTXLUHGIRUPHFKDQLFDOIDLOXUH6LQFHWKHELQGHUSKDVHLV
GXFWLOHLQQDWXUHVRLWKDVWKHDELOLW\WRDEVRUEHQHUJ\DQGJRXQGHUSODVWLFGHIRUPDWLRQ/RZFDUELGH
YROXPHIUDFWLRQDQGODUJHJUDLQVL]HRI:&HQKDQFHWRXJKQHVVWKDWPHDQVLWVKRZVWKHLQYHUVHUHODWLRQ
ZLWKUHVSHFWWRKDUGQHVV$VIUDFWXUHWRXJKQHVVLVQRWDQLQWULQVLFPDWHULDOSURSHUW\LWGHSHQGVQRWRQO\
RQWKHPDWHULDOLWVHOIEXWDOVRRQWKHJHRPHWU\VL]HRIWKHPDWHULDOEHLQJIUDFWXUHG)UDFWXUHWRXJKQHVV
LVXVXDOO\GHVLJQDWHGWKHEDVLVRI.,&ZKLFKLVNQRZQDVFULWLFDOVWUHVVLQWHQVLW\IDFWRUZKLFKLVJLYHQ
E\
.,& ı)ĮʌF>@
:KHUH.,& LV LQ >P3D@ ı) LV WKH VWUHVV UHTXLUHG WR SURSDJDWH DQ LQWHULRU FUDFN RI OHQJWK c Į LV D
FRQVWDQWa>@,WLVGHWHUPLQHGE\SDOPTYLVWPHWKRG7\SLFDOIUDFWXUHWRXJKQHVVYDOXHVIRU&&VOLH
EHWZHHQ3DPJUDLQVL]HEHORZPDQG&RXSWR3DPPJUDLQVL]HDQG
&R>@
2.5. Young’s modulus of cemented carbide 
&&KDVUHODWLYHO\KLJK\RXQJ¶VPRGXOXVUDQJLQJIURPWR*3DWKDWLVQHDUO\WRWLPHV
KLJKHU WKDQ WKDW RI VWHHO >@ 7KH <RXQJ¶V PRGXOXV LV KLJKO\ GHSHQGHQW RI JUDLQ VL]H ZLWK DQ
DSSUR[LPDWHYDOXHRI*3DIRUJUDLQVL]HVRI±PDQG*3DIRUVSHFLPHQVZLWK:&JUDLQ
VL]HRIP7KH<RXQJ¶VPRGXOXVLVLQYHUVHO\SURSRUWLRQDOWRWKH&RFRQWHQW>@$QLQFUHDVHRI
ZW&RUHGXFHV<RXQJ¶VPRGXOXVURXJKO\*3D>@
287 Sakuntala Nahak et al. /  Procedia Earth and Planetary Science  11 ( 2015 )  284 – 293 
:HDULQJRIFHPHQWHGFDUELGH
:HDULVWKHSDUDPHWHUWKDWFDQEHXVHGIRUSHUIRUPDQFHHYDOXDWLRQRIFRDOURFNFXWWLQJHTXLSPHQW
7KHWRROOLIHRIELWVLVOLPLWHGE\WKHLUZHDUUDWH,WRFFXUVEHFDXVHRIUHODWLYHIULFWLRQDOPRWLRQEHWZHHQ
URFNFRDO DQG WRRO ,Q JHQHUDOZHDU FRXOG EH GHILQHG DV WKH XQGHVLUDEOH DQG FRQWLQXRXV ORVV RI WKH
PDWHULDO IURP D VROLG VXUIDFH GXH WR PHFKDQLFDO LQWHUDFWLRQV VXFK DV FRQWDFW DQG UHODWLYH PRWLRQ
EHWZHHQWZRERGLHV>@7KHZHDUDQGIULFWLRQDOSURSHUWLHVRIDPDWHULDODUHEHKDYLRXUDOSDUDPHWHUV
ZKLFKDUHDVVRFLDWHGZLWKWKHRSHUDWLRQDOFRQGLWLRQV7KHGDPDJHFDQEHGHILQHGDVDFRPELQDWLRQRI
FRQWLQXRXVZHDURI:&&RDQGFUDFNIRUPDWLRQ>@$QXPEHURIVWXGLHVKDYHEHHQFDUULHGRXWZLWK
UHJDUGWRURFNGULOOZHDUZKHUHDVDIHZOLWHUDWXUHLVDYDLODEOHZKLFKGHVFULEHVWKHZHDUPHFKDQLVPVLQ
FXWWHUV
5RFNGULOOLQJLVEDVLFDOO\DEULWWOHIUDFWXULQJSHUIRUPHGE\DQXPEHURIWHFKQLTXHVZKLFKDUHURWDU\
SHUFXVVLYHGULOOLQJLQYHU\KDUGURFNURWDU\FUXVKLQJGULOOLQJLQPHGLXPKDUGURFNDQGFXWWLQJLQVRIW
URFN W\SHV WR SURGXFH ODUJH KROH ZLWKRXW EODVWLQJ 7KH WRROV DUH HTXLSSHG ZLWK :&&R FHPHQWHG
FDUELGHEXWWRQVRIGLIIHUHQWJHRPHWULHVDQGVKDSHV>@7KHZHDURI:&±&RFHPHQWHGFDUELGHVXQGHU
GU\FRQGLWLRQVLVFDXVHGPDLQO\E\UHPRYDORIWKHFREDOWELQGHUIROORZHGE\IUDFWXUHRILQWHUJUDQXODU
ERXQGDULHV DQG IUDJPHQWDWLRQ RI FDUELGH JUDLQV 7KH IDFWRUV VXFK DV URFN W\SH DEUDVLYLW\ GULOOLQJ
WHPSHUDWXUH URFN SHQHWUDWLRQ DQG FRUURVLYH HQYLURQPHQW DURXQG WRRO FDQ UHVXOW LQ YDULRXV ZHDU
PHFKDQLVPV>@'LIIHUHQWGULOOLQJSDWWHUQVFDQDOVREHWKHFDXVHRIGLIIHUHQWIDLOXUHPHFKDQLVPV
,ISHUFXVVLRQGULOOLQJLVDGRSWHGWKHQLWUHVXOWVLQIDWLJXHLPSDFWZHDUDVPDLQIDLOXUHPHFKDQLVPDQG
ZKHQWKHURWDU\FUXVKLQJLVWKHGULOOLQJSDWWHUQIDLOXUHPHFKDQLVPEHFRPHVDEUDVLRQDQGFUDFN>
@0RQWRJRPHU\LQYHVWLJDWHGWKDWWKHPLQLPXPZHDUUDWHIRUSHUFXVVLYHGULOOLQJLQJUDQLWHRFFXUVDW
DVSHFLILFKDUGQHVVZKLFKFRUUHVSRQGVWRWKHSRLQWRIPD[LPXPFRPSUHVVLYHVWUHQJWK>@&HPHQWHG
FDUELGHEXWWRQVZRUNXQGHUVHULRXVDQGFRPSOH[FRQGLWLRQVGXULQJGULOOLQJ7KHVHFRPSOH[FRQGLWLRQV
DUHFDXVHGE\WKHYDULDWLRQLQSURSHUWLHVRIURFNVDQGLWVPLQHUDOFRQWHQWVDOVRWKHZRUNLQJWHFKQLTXHV
RIGULOOLQJPDFKLQHVJUHDWO\DIIHFWWKHWRROFRQGLWLRQ>±@7KHUHIRUHWRROH[KLELWVGLIIHUHQW
W\SHVRIZHDUPHFKDQLVPV7KHFRPPRQ W\SHVRI IDLOXUHPHFKDQLVP IRXQG LQ WKHFHPHQWHGFDUELGH
WRROVDUH0LFURVSDOOLQJ$EUDVLRQZHDU:&JUDLQSXOORXW([WUXVLRQRIELQGHUPHWDODQG5HSWLOHVNLQ
,WKDVEHHQIRXQGWKDWZRUNLQJFRQGLWLRQVDUHUHVSRQVLEOHIRUWKHSULPDU\WRROZHDUPHFKDQLVP7KH
FRUURVLRQRIGULOOELWDQGR[LGDWLRQHQYLURQPHQW LVUHVSRQVLEOHIRUHURVLRQRIELQGHUPHWDOSKDVH>
@7KHVLJQLILFDQWZHDUFDQEHREVHUYHGRQGULOOEXWWRQZKHQWKHURFNSHQHWUDWHVLQWRFHPHQWHG
FDUELGHEXWWRQV>@/DUVHQ%DVVHFRQFOXGHGLQDUHYLHZWKDWURFNGULOOELWZHDUFRXOGEH
H[SODLQHG E\ WKH IROORZLQJ PHFKDQLVPV 6XUIDFH LPSDFW VSDOOLQJ 6XUIDFH LPSDFW IDWLJXH VSDOOLQJ
7KHUPDOIDWLJXH$EUDVLRQ>@
+HDWJHQHUDWLRQSURFHVVGXULQJGULOOLQJJUHDWO\DIIHFWVWKHVHUYLFHOLIHRIWKHWRROV)LVKHWDO
KDYHIRXQGWKDWKLJKWHPSHUDWXUHJHQHUDWLRQFDXVHVWRROPDWHULDOVRIWHQLQJDQGWKHKLJKORDGQHFHVVDU\
IRUGULOOLQJFDQDOVRJHQHUDWHKLJKIULFWLRQDOKHDW>@,QDGGLWLRQ.LQGHUPDQQHWDOKDYHIRXQG
WHPSHUDWXUHGHSHQGHQWIDWLJXHHIIHFWDWWHPSHUDWXUHVEHWZHHQRDQGR&,WKDVEHHQLQYHVWLJDWHG
WKDWDWDORZWHPSHUDWXUHVWKH&RELQGHUXQGHUJRHVDSKDVHWUDQVIRUPDWLRQIURP)&&WR+&3ZKLFKLV
PRUHEULWWOHDQGKDUGZKHQVXEMHFWHGWRF\FOLFORDGV$OVRR[LGDWLRQRI&RWDNHVSODFHQHDUFUDFNWLSV
DW KLJKHU WHPSHUDWXUH OHDGLQJ WR EULWWOHGXFWLOH WUDQVLWLRQV >@ /DJHUTXLVW  KDV VWXGLHG WKH
WKHUPDOIDWLJXHFUDFNSURSDJDWLRQLQ:&&R7KHUDWHFRQWUROOLQJIDFWRUKDVEHHQIRXQGWREHWKHZLGWK
RIWKH&ROD\HUVEHWZHHQDGMDFHQW:&JUDLQV>@0DU\DQG*RQVHWKKDYHSUHGLFWHGWRROOLIH
RQ WKH EDVLV RI PHFKDQLFDO EHKDYLRXU RI :&&R DIWHU ILQGLQJ DQ LQWHUUHODWLRQVKLS EHWZHHQ WKH
JHQHUDWHGWHPSHUDWXUHDQGWKHFXWWLQJVSHHG7KHPHFKDQLFDOEHKDYLRXURI:&&RFDQEHGLYLGHGLQWR
WKUHH WHPSHUDWXUH GRPDLQV ,W LV EULWWOH EHORZ R& WRXJK EHWZHHQ  DQG R& DQG SODVWLFDOO\
GHIRUPHGDERYHR&>@
3.1. Method to test wear in cemented carbide 
7KH FRPPRQO\ XVHG ODERUDWRU\ZHDU WHVWPHWKRG IRU FHPHQWHG FDUELGH LPSDUWV GLIIHUHQW W\SHV RI
URWDWLQJZKHHOWHVWV,QWKLVDUHD*DQWHWDOGHVFULEHGWKHWZRWHVWVHWXSLHWKHVWDQGDUG$670
%DQGPRGLILHG$670*WHVW7KHVHWHVWVVHHPWREHXVHGRIWHQ)LJDEVKRZVWHVWVHWXSRI
DERYHWZRVWDQGDUGV>@

D E
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
)LJD6FKHPDWLFGLDJUDPRIURWDWLQJZKHHOPRGLILHG$670*WHVWV\VWHP>@E6FKHPDWLFGLDJUDPRI,62
$670%WHVWV\VWHP>@

,Q)LJDWKHPRGLILHG$670*WHVWV\VWHPLVVKRZQ7KHVDPSOHLVSUHVVHGDJDLQVWDURWDWLQJ
UXEEHUULPPHGVWHHOZKHHOZLWKDORDGUHJXODWHGE\DZHLJKW7ZRGLIIHUHQWFKDQQHOVDUHXVHGWRVXSSO\
WKHZKHHOZLWKIOXLGDQGDEUDVLYHSDUWLFOHV,Q)LJEDVFKHPDWLFGLDJUDPRIWKH$670%WHVW
V\VWHPLVVKRZQ7KHVDPSOHLVSUHVVHGDJDLQVWDVWHHOZKHHOURWDWLQJLQVOXUU\ZLWKDEUDVLYHSDUWLFOHV
7KHORDGEHWZHHQVDPSOHDQGURWDWLQJZKHHOLVUHJXODWHGE\WKHZHLJKWDVVKRZQLQWKHILJXUH*HHHW
DOFRPSDUHGDERYHWZRWHVWVDQGIRXQGWKDWERWKPHWKRGVJLYHYHU\VLPLODUUHVXOWVIRUZHDULQJ
RIFHPHQWHGFDUELGH>@7KH\KDYHXVHGDQ$670%WHVWV\VWHPZLWKDEUDVLYHVDVDOXPLQDRIVL]H
 ȝP :HDU PHFKDQLVPV VXFK DV GHWHULRUDWLRQ RI &R ELQGHU SKDVH :& JUDLQV IUDFWXUH
IUDJPHQWDWLRQRI:&LQWRWKHELQGHUSKDVHEUHDNDZD\RIPDWHULDODQGVXEVXUIDFHFUDFNLQJKDYHEHHQ
SURSHUO\DQDO\VHGE\6(0LPDJHVRIZRUQRXWVXUIDFH
'LIIHUHQWZHDUPHFKDQLVPVLQFHPHQWHGFDUELGH
2Q WKH EDVLV RI REVHUYDWLRQ RI KLJK UHVROXWLRQ PLFURVFRSLF LPDJHV PDLQO\ HLJKW W\SHV RI ZHDU
PHFKDQLVPV KDYH EHHQ UHSRUWHG 7KH\ DUH FUDFNLQJ FUXVKLQJ DQG FDYLW\ IRUPDWLRQPLFURVSDOOLQJ
UHSWLOHVNLQDEUDVLRQFRDOURFNLQWHUPL[LQJELQGHUSKDVHGHJUDGDWLRQFRUURVLRQ
4.1. Cracking 
,WPD\JHQHUDWHZKHQKDUGHUSDUWLFOHVVOLGHRYHUWKH:&DQGUHPRYLQJGHEULV7KHVXUIDFHLPSDFWV
LPSDFWIDWLJXHDQGWKHUPDOIDWLJXHFDQDOVRUHVXOWLQFUDFNV>@&UDFNVDUHWKHFDXVHRIILOOLQJRIURFN
PDWHULDOV RQ FHPHQWHG FDUELGHPDWHULDOV 5RFNPDWHULDO EHKDYHV OLNH ZHGJH DQG FDQ DFFHOHUDWH WKH
FUDFNJURZWKZKHQEXWWRQVFRPHLQFRQWDFWZLWKLPSDFWDQGYDU\LQJWHPSHUDWXUH>@&UDFNLQJDQG
IUDFWXULQJRI:&JUDLQVLVYHU\FRPPRQO\VHHQSKHQRPHQRQ$QXPEHURIUHVHDUFKHUVVWXGLHGDERXW
:&JUDLQFUDFNLQJ>@
'HZDQJDQHWDO KDYHUHSRUWHGFUDFNV LQ:&JUDLQVRIWKH&&WLSRIWKHFRQLFDOSLFN7KH
FRQLFDOSLFNVZHUHXVHG IRUFRDOPLQLQJ WKURXJKDFRQWLQXRXVPLQHUPDFKLQH7KHFXWWHUPRWRUZDV
URWDWHGDWN:SRZHU7KHODUJHPDJQLWXGHRIIRUFHLPSRVHGRQWKH WRROVDQGWKHVXGGHQVKRFNV
KDYHEHHQUHSRUWHGDVWKHPDLQFDXVHRIVHYHUDOFUDFNV,QERWKWKHSDUWVODUJHVXUIDFHRI&&>)LJD@
DQGWKHLQGLYLGXDOJUDLQRI:&>)LJE@VHYHUHFUDFNVKDYHEHHQUHSRUWHG>@%HVWHDQG-DFREVRQ
 KDYH SUHVHQWHG VLPLODU W\SH RI FUDFNLQJ SURFHVV E\ GHVFULELQJ LW DV µ:& JUDLQ VFDOH FUDFN
IRUPDWLRQ¶>@
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
)LJDFUDFNRQWKHODUJHVXUIDFHRI&&EFUDFNVLQWKH:&JUDLQVLQGLFDWHGE\DUURZ>@
4.2. Crushing and cavity formation 
7KHFRQWLQXRXVLPSDFWVRQWKHPLQRUFUDFNVIDFLOLWDWHVRPHVKDUSHGJHVRIURFNVWRSHQHWUDWHLQVLGH
WKH FUDFNV WKHUHE\ FUXVKLQJ WKH:& JUDLQV 7KH FUXVKLQJ SKHQRPHQRQPDNHV WKH IUDJPHQWV RI WKH
JUDLQV 6RPHWLPHV WKHVH VPDOO IUDJPHQWV RI:& JUDLQV UHPRYH RXW IURP WKH RULJLQDO :& JUDLQV
WKHUHE\ IRUPLQJ D VPDOO FDYHOLNH VWUXFWXUH )LJ  7KH FDYH SURYLGHV DQ HDV\ SDWK WR FRDOURFN
PDWHULDOVWRHQWHUIRUIXUWKHUGHJUDGDWLRQSURFHVV>@


)LJFUXVKLQJDQGFDYLW\IRUPDWLRQLQ&&IUDJPHQWHG:&SDUWLFOHVDUHVKRZQLQFLUFOHFDYHOLNHVWUXFWXUHLVVKRZQE\DUURZ
>@
4.3. Microspalling 
7KLV SURFHVV FRPSULVHV WKH IRUPDWLRQRI VPDOO FUDFNVZLWKLQ JUDLQV RI:&EHFDXVH RIZKLFK WKH
FKLSUHPRYDORIPDWHULDOWDNHVSODFH>@0RQWJRPHU\KDVLQYHVWLJDWHGWKHZHDULQJLQGULOOELWV
XVHG LQ URWDU\SHUFXVVLYHGULOOLQJ LQJUDQLWHDQG OLPHVWRQH ,WKDVEHHQFRQFOXGHG WKDW WKHPDLQZHDU
PHFKDQLVPLVIDWLJXHPLFURVSDOOLQJZKLFKGLUHFWO\FRUUHODWHGWRWKHQXPEHURISHUFXVVLRQVDQGLQWKDW
DUHD WKH VOLGLQJYHORFLW\ DQG WKH DSSOLHG ORDG DUHQRW LPSRUWDQW7KH IRUPDWLRQ UDWH RIPLFURVSDOO LV
KLJKO\DIIHFWHGE\WKHURFNKDUGQHVV>@
4.4. Reptile skin 
,WLVDXVXDOVXUIDFHGDPDJHLQURFNGULOOLQJSURFHVVZKLFKFDQEHLQODUJHDPRXQWRIWRROGHVWUR\LQJ
FUDFNV>@5HSWLOHVNLQWXUQVXSDIWHUDZKLOHWKHUHIRUHVKRXOGEHDUHVXOWRIWKHUPDOIDWLJXH,WLVD
FRPPRQVXUIDFHGDPDJHPHFKDQLVPLQGULOOEXWWRQVW\SLFDOO\IRUPLQJZKHQGULOOLQJVRIWURFNVVXFKDV
PDJQHWLWHFKURPLWHDQGPDQJDQHVH>@-RQVVRQKDVLQYHVWLJDWHGWKDWUHSWLOHVNLQSURGXFHGRQ
WKH GULOO ELW RI SHUFXVVLYH GULOOLQJ ZLWK FRROLQJ ZDWHU DUUDQJHPHQW EHFDXVH WKH ZRUNLQJ KRW ELWV
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XQGHUJRHVYHU\KLJKWHPSHUDWXUHVZKLFKLVFDXVHRIVHYHUHFKLSSLQJDQGZHOGLQJSKHQRPHQRQEHWZHHQ
URFNDQGWRROELWV+HKDVDOVRIRXQGWKDWUHSWLOHVNLQPD\JHQHUDWHRQKRWELWVZKHQLWH[SHULHQFHVD
FRROLQJHIIHFWIURPWKHRUHURFNV>@7KHH[DFWDSSHDUDQFHRI WKHUHSWLOHVNLQGHSHQGVRQWKH ORFDO
ZHDUVLWXDWLRQWKHEXWWRQVKDSHDQGWKHWHPSHUDWXUH,WKDVEHHQUHSRUWHGWKDWPDWHULDOUHPRYDOUDWHLV
ORZDQGIRUPDWLRQRIUHSWLOHVNLQLVIDVWLQFDVHRIVRIWURFN>@
4.5. Abrasion 
5RFN LV D KHWHURJHQHRXV PDWHULDO DQG EULWWOH LQ QDWXUH ,W KDV GLIIHUHQW PLQHUDO FRQWHQW ZKLFK
LQGLFDWHYDULRXVDEUDVLYLW\7KHDEUDVLRQRIWKH&RELQGHUSKDVHDQG:&JUDLQVLVUHIHUUHGDVDEUDVLRQ
ZHDUZKLFKLVGHSHQGHQWRQWKHWHPSHUDWXUHDQGWKHVL]HVRIWKHDEUDVLYHPDWHULDOV>@$EUDVLRQRI
&RELQGHUSKDVHDQGRI:&LVUHVSRQVLEOHIRUFRQWLQXRXVZHDU3HUURWKDVSHUIRUPHGVRPHWHVWV
DQG FDWHJRULVHG DEUDVLRQ HIIHFWV GHSHQGLQJ RQ WHPSHUDWXUH DQG VL]HV RI DEUDVLYH PDWHULDOV 7KH
DEUDVLYHZHDUPHFKDQLVPKDVEHHQFODVVLILHGLQWRWKUHHW\SHVJRXJLQJDEUDVLRQKLJKVWUHVVJULQGLQJ
DEUDVLRQDQGORZVWUHVVVWUHWFKLQJDEUDVLRQ³*RXJLQJDEUDVLRQ´RFFXUVZKHQODUJHREMHFWVLQGHQWWKH
VXUIDFHRIWKHEXWWRQDQGFDXVHODUJHSODVWLFGHIRUPDWLRQ³*ULQGLQJDEUDVLRQ´GHVFULEHVFRQGLWLRQVRI
VPDOOHU JULWV FDXVLQJ SODVWLF GHIRUPDWLRQ RQ D VFDOH W\SLFDOO\ RI WKH VL]H RI WKH JULW SDUWLFOHV
³6FUDWFKLQJ DEUDVLRQ´ UHODWHV WR ORZHU VWUHVVHV DQG UHVWULFWHG SODVWLF GHIRUPDWLRQ %XW IRU LQFUHDVHG
WHPSHUDWXUHV WKLVFODVVLILFDWLRQKDV WREHPRGLILHGGXH WRVRIWHQLQJRI WKHPDWHULDO >@ ,WKDVEHHQ
QRWHGE\-LDDQG)LVFKHU  WKDWKDUGDEUDVLYHUHPRYHGPDWHULDOE\SODVWLFGHIRUPDWLRQDQGVRIW
DEUDVLYHFDXVHWKHVDPHSUHGRPLQDQWO\E\WKHUHPRYDORIELQGHULQDEUDVLYHZHDURIFHPHQWHGFDUELGH
>@
4.6. Coal/rock intermixing 
,WLVWKHLQLWLDWLRQRIWKHGHWHULRUDWLRQRIFHPHQWHGFDUELGHEXWWRQV&&EXWWRQVFRQWLQXRXVO\FRPHLQ
FRQWDFWZLWKURFNPDWHULDOZKLFKFDXVHVIRUPDWLRQRIVROLGFRYHURYHUDODUJHSDUWRIEXWWRQVDQGURFN
SDUWLFOHVWUDSSHGRULQWHUPL[HGZLWKFHPHQWHGFDUELGHVWUXFWXUHLQWKHVXUIDFHOD\HU,WFDQEHVHHQWKDW
URFNIUDJPHQWVDUHSRXQGHGLQWRWKHEXWWRQVXUIDFHDQGIRUPLQWHJUDOSDUWRIRXWHUOD\HURI&&,QWKH
LQWHUPL[HGOD\HUWKLFNQHVVXSWRPWKHELQGHULVSDUWO\UHSODFHGRUPL[HGZLWKURFNSDUWLFOHV>
  @:LWK UHJDUG WR WKH FRDO PLQLQJ RSHUDWLRQ 'HZDQJDQ HW DO  FRQFOXGHG WKDW WKH
GHJUDGHG FREDOW ELQGHU FDQQRW ELQG WKH:&JUDLQV SURSHUO\7KH LQWHUPL[HG H[WHUQDO HOHPHQWV KDYH
EHHQ HVWDEOLVKHG E\ ('6 DQDO\VLV )LJ 0DLQO\CCa DQGO KDYH EHHQ UHSRUWHG DV LQWHUPL[HG
HOHPHQWV>@


)LJ('6DQDO\VLVRIFRDOURFNLQWHUPL[HG]RQH>@
4.7. Binder phase degradation 
,W KDV EHHQ FRQFOXGHG E\ PDQ\ UHVHDUFKHUV WKDW WKH &RELQGHU SKDVH LQ WKH URFN GULOO EXWWRQ
H[SHULHQFHVVHYHUHFRQGLWLRQVEHFDXVHRIURXJKFRQWDFWDJDLQVWWKHURFNSHUFXVVLYHDFWLRQ+HQFHWKH
VLPXOWDQHRXV FKDQJH LQ PLFURVWUXFWXUDO DQDO\VLV FDQ EH VHHQ > @ %HUJHU  KDV
LQYHVWLJDWHGWKHSUHVHQFHGLVWULEXWLRQDQGGHJUHHRIIDWLJXHLQGXFHGGHJUDGDWLRQLQFHPHQWHGFDUELGH
URFNGULOOEXWWRQV>@$FFRUGLQJWR&KDHWDOGXULQJURFNGULOOLQJ WKH&RELQGHUXQGHUJRHV
GLVORFDWLRQPRYHPHQWSODVWLFGHIRUPDWLRQ DQG WZLQ IRUPDWLRQHWF:HDULQJKDSSHQVPDLQO\GXH WR
WKHSKDVH WUDQVIRUPDWLRQRI&R IURPIFF WRKFS8QOLNH&REXWWRQ VDPSOHGRHVQRW VKRZ WKHSKDVH
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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OHDGVWRWKHR[LGDWLRQDOGHJUDGDWLRQRIERWKWKHSDUWVLH&RDQG:&>@
4.8. Corrosion 
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KDV D VHULHV RI SRUHV DQG QRWFKHV >@ +XPDQ DQG ([QHU  KDYH H[SODLQHG WKDW ELQGHU SKDVH
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+&O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